| MATERIALS AND METHODS
Data on nonfatal work-related injuries in Alaska were obtained from the Alaska Trauma Registry. The Alaska Trauma Registry is a hospital-based injury surveillance system that collects information from acute-care hospitals in Alaska on the nature, cause, severity, treatment, and outcome of a variety of injury types. 11 To be recorded in the Alaska Trauma Registry, an injury must have 2010 Census occupations code 6130. To ensure that we did not miss any records as a result of coding errors, we searched two narrative injury description fields for all remaining records by using the following keywords: forest, log, logging, timber, and tree. We manually reviewed all records flagged by these two searches and categorized injuries into two types. Work-related injuries sustained by persons whose employment in the Alaska logging industry could be established with confidence were categorized as logging injuries. Work-related injuries sustained by persons performing logging-related tasks but whose employment in the Alaska logging industry could not be determined with confidence were categorized as logging-support injuries. Injuries that were either not work-related or were sustained by persons clearly not engaged in commercial logging (eg, injuries associated with processing firewood on personal property or injuries among arborists) were excluded from our analyses.
Data on fatal work-related injuries in Alaska were obtained from the Alaska Occupational Injury Surveillance System. The Alaska Occupational Injury Surveillance System is an active surveillance system that collects descriptive information on fatal work-related injuries compiled from multiple local, state, and federal organizations and media outlets.
As with Alaska Trauma Registry data, we obtained Alaska Occupational Injury Surveillance System data for 1991-2014 and identified fatal work-related injuries in the Alaska logging industry using SOC and NAICS codes and keyword searches. We identified fatal logging and logging-support injuries for inclusion in our analyses.
Workforce data for the Alaska logging industry were obtained from the Alaska Department of Labor and Workforce Development. We quantified the frequency of injuries by the sex, age, and work-related occupation of the injured worker, the timing of (year and month) and location (geographic and work-related site type)
where the injury occurred, and four injury characteristics: 1) injury source (object responsible for producing the injury); 2) injury event (manner in which the injury was produced by the source); 3) injury nature (physical characteristic of the injury); and 4) the part of the body primarily affected by the injury. We measured the severity of nonfatal injuries using the injury severity score. 12 The injury severity score ranges from 0 to 75 and is calculated using the Abbreviated Injury Scale, which ranges from 1 (minor injury) to 6
(unsurvivable injury). Within the Alaska Trauma Registry, each injury to a patient is assigned an Abbreviated Injury Scale score, and the injury severity score is calculated as the sum of squares of each Abbreviated Injury Scale score for the three most severely injured body regions. 13 We calculated annual rates of nonfatal and fatal logging injuries using multipliers of 100 and 100 000 workers, respectively. Counts of logging-support injuries were excluded from these calculations because denominator data were specific to the logging industry.
Because small sample sizes resulted in unstable rates in some (11%) were fatal. In the summaries that follow, percentages are relative to the total number of injuries for which the associated characteristic was specified.
| Nonfatal logging injuries
Annual counts of nonfatal logging injuries (mean = 17.3/year; range = 3-40/year) declined over the first 10 to 15 years of the investigation and gradually stabilized at relatively low counts thereafter ( Figure 1A , Table 1 ). The annual rate of nonfatal logging injuries (mean = 2.1/100 workers) ranged from 0.7/100 workers to 3.9/100 workers ( Figure 1B , Table 1 Nearly all workers associated with the 416 nonfatal logging injuries were male (Supplemental Table S1 ); median age was 38.5 years (range = 19-69 years). There was a significant increase in age of the injured worker over time, from an annual average of 36.6 years in 1991 to 45.2 years in 2014 (F 1,145 = 9.0; r 2 adj = 0.02; P = 0.003). Injuries occurred most frequently during the summer months of June (14%) and August (13%) and in the southeast (72%) and Gulf Coast (24%) regions of Alaska (Supplemental Figure S1 ). Of the 389 injuries for which an injury severity score was specified, the median score was 4 (range = 1-34). Average annual scores ranged from 3.1 to 10.1; injury severity score values did not change significantly over time (F 1,388 = 2.0; r 2 adj = 0.003; P = 0.16). The most frequently observed injury source and event were trees or logs (52%) and being struck by a falling object (33%), respectively (Table 2, Supplemental Table S2 ). The majority of injuries were fractures (50%), and the injured worker's trunk was the most frequently affected body part (31%). Table 1 ). The annual rate of fatal logging injuries (mean = 253.7/100 000 workers) ranged from 0/100 000 workers (in 10 of the 24 years examined) to 719.4/100 000 workers ( Figure 1C , Table 1 ). The magnitude of the associated 5-year simple moving averages declined during 1993-2005, then increased to a high in 2010 and declined slightly thereafter. Thus, a temporal reversal in fatality rates was apparent around 2005. When interannual changes in rates were evaluated using Poisson regression, there was a significant quadratic effect of year for fatal logging injuries (year FIGURE 1 (A) Annual counts of workers, nonfatal logging injuries, and fatal logging injuries associated with the Alaska logging industry, 1991-2014, (B) annual nonfatal logging injury rates (per 100 workers) and 5-year simple moving averages calculated from these, (C) annual fatal logging injury rates (per 100 000 workers) and 5-year simple moving averages calculated from these, and (D) annual counts and average size (workers/company) of companies in the Alaska logging industry coefficient ± standard error = −0.267 ± 0.08, z = −3.34, P = 0.00083; year 2 coefficient ± standard error = 0.011 ± 0.0034, z = 3.13, P = 0.0017). The significant quadratic effect indicates that the interannual change in rates predicted by the model follows a parabolic path and thus provides statistical support for the rate reversal apparent in the associated 5-year simple moving averages. When compared to the linear model (ie, no quadratic term), the ΔAIC was 7.
| Fatal logging injuries
All 51 fatal injuries involved male workers (Supplemental Table S1 ); median age was 42.0 years (range = 19-73 years). Injuries occurred with relatively equal frequency across months within years and exclusively in the southeast (94%) and Gulf Coast (6%) regions of Alaska (Supplemental Figure S1 ). Trees or logs and helicopters were the sources of 46% and 24% of injuries, respectively ( Table 2, Supplemental Table S2 ). The most frequently observed injury events were being struck by a falling object (31%) and aircraft-related injuries (27%). A total of 54% of injuries were classified as multiple traumatic injuries and 49% affected multiple body parts.
| Logging-support injuries
We identified 53 nonfatal and 13 fatal logging-support injuries during 1991-2014 (Appendix S1, Supplemental Table S3 ). The majority of Variables derived from counts of injuries, workers, and companies include the average annual size of companies in the Alaska logging industry (workers/ company), the annual rates of nonfatal and fatal logging injuries (per 100 and 100 000 workers, respectively), and 5-year simple moving averages of annual nonfatal and fatal logging injury rates. 
| Injury source
The rank order and relative contribution of the three most common injury sources were consistent between periods. Among all injuries (fatal and nonfatal combined) trees and logs were the leading source in both periods (51% vs 55%, respectively), followed by heavy machinery or equipment (16% vs 18%), and chainsaws (11% vs 12%) ( Table 2, Supplemental   Table S2 ). In both periods, trees and logs were the leading source for fatal (45% vs 50%) and nonfatal (52% vs 55%) injuries. Helicopters were the source of 27% of early-period fatalities but no recent-period injuries.
| Injury event
Being struck by a falling object was the leading injury event in both early (32% of all injuries) and recent (36%) periods (Table 2,   Supplemental Table S2 ). It was associated with the highest number of fatalities in the recent period (3/7, 43%) and the second highest number (13/44, 30%) in the early period. All of these fatalities involved trees or logs. Injuries caused by cutting or piercing instruments or objects and being struck by or against objects represented either the second or third most frequently observed injury events in both periods.
Injuries caused by cutting or piercing instruments or objects accounted for 14% of early period and 13% of recent period injuries, all of which were nonfatal. Among these, 68% (38/56) in the early period and 90% (9/10) in the recent period involved chainsaws. Being struck by or against objects was associated with 12% of all injuries in the early period and 17% in the recent period. This event type accounted for 14% of fatalities in both periods. Aircraft-related injuries accounted 32% of early-period fatalities but no recent-period injuries.
| Nature of injury
The rank order and relative contribution of the three most common injury nature categories were consistent between periods. Fractures represented the majority of all injuries in both the early period (44%) and recent period (47%) ( Includes characteristic categories for which the value of all injuries combined over the investigation was <10. Counts associated with these categories are provided in Supplemental Table S2 .
| 37 32% of early-period fatalities but no recent-period fatalities. Strains and sprains accounted for 7% of all early-period injuries but no recentperiod injuries. Injuries classified as multiple traumatic injuries were always fatal; they represented only 6% of all injuries, but accounted for 52% of early-period and 67% of recent-period fatalities.
| Primarily affected body part
The rank order of the body parts most frequently affected by injuries was consistent between periods. A total of 28% of all injuries in both periods primarily affected the worker's trunk (Table 2, Supplemental   Table S2 ). Approximately one-half of these injuries in both the early period (54/108) and the recent period (10/21) involved the injured worker being struck by a falling object. Following the trunk, the percentage of injuries that primarily affected the lower extremities (excluding foot or ankle) ranged from 19% (early period) to 27% (recent period). Among these lower extremity injuries in the recent period, 35% (7/20) were associated with being struck by a falling object and 25% (5/20) with being struck by or against objects. Injuries primarily affecting the head accounted for 17% of all early-period injuries and 29% of early-period fatalities. A total of 64% of recent period head injuries (7/11) involved being struck by a falling object. A total of 11% of early period and 9% of recent-period injuries primarily affected the foot or ankle. Injuries associated with multiple body parts represented 6% of early period and 5% of recent-period injuries, but accounted for 49% and 50% of the fatal injuries in these periods, respectively.
| Summary of Workforce Data
Annual counts of workers in the Alaska logging industry Use of high-visibility clothing has been shown to reduce rates of struckby-falling-object injuries. 22, 23 Well-designed and properly worn hard hats can provide protection from smaller falling objects, 16 and increased mechanization (eg, use of feller bunchers) can confer a similar protective effect as workers are sheltered from larger falling objects while working in cabs of logging vehicles. 24 The significance of chainsaws for nonfatal logging injuries was also apparent. Chainsaws were the source of 71% of all nonfatal injuries caused by cutting or piercing instruments or objects (47/66). Chainsaws have been identified as an important source of nonfatal logging injuries by similar investigations in other settings 16, 17, 21 and represent an injury source that is relatively amenable to safety-related interventions.
Training in safe operation of equipment and use of protective clothing and chainsaw guards have been shown to reduce the frequency and severity of chainsaw-related injuries. 23, 25 The use of cutting techniques appropriate for the timber resources being harvested and regular equipment maintenance should also increase safety when chainsaws are used. Rates of chainsaw-related injuries have also been shown to decline in association with increased mechanization. As high-value timber was increasingly located in less accessible inland areas, thousands of miles of logging roads were constructed within the TNF to provide trucks and heavy machinery with access to these locations, resulting in the harvest of most of the remaining old growth trees. 27, 28 During the 1970s and 1980s, shrinking global markets and increasing competition with the logging industry in the Pacific Northwest reduced demand for Alaska wood products. Facing declining profitability and requirements for costly upgrades to mitigate environmental impacts, the two large pulp mills closed in the 1990s. This initiated a precipitous contraction of the Alaska logging industry and a concomitant decline in production; by the turn of the century, logging rates had fallen to levels observed prior to the opening of the pulp mills 27, 28 (Supplemental Figure S2) . experienced and knowledgeable about local hazards than their mill-era predecessors. Our analyses additionally indicate that these workers were increasingly older persons. In spite of the potential for older workers to be more experienced, there is evidence that both the rates and severity of injuries increase with age among loggers. 19, 29, 30 As many of these changes occurred after the closure of the two pulp mills near the turn of the century, it seems likely that one or more of them might have contributed to the observed increase in fatality rates during 2005-2014. Third, small sample sizes constrained on our ability to conduct statistical analyses. Since categorical comparisons of injury characteristics involving three or more factors were untenable, we limited our analyses to basic summary statistics involving one to two factors.
Assessment of temporal trends in injury rates were similarly complicated by small rate numerators. This issue was particularly acute for fatal injuries, and readers should be mindful of this constraint when interpreting associated results and conclusions. We used the 5-year simple moving averages as a way to buffer our temporal analyses against the sensitivity of crude annual rates to low injury counts. Finally, neither of the databases used as sources for our injury data contain detailed information about the size or safety practices of the companies that employed the injured workers. Such information, together with data on any deviations from these practices that occur in association with injuries, represents the critical link between our findings and the specific safety recommendations that should follow from them.
| CONCLUSIONS
Our results demonstrate that logging in Alaska continues to be associated with high injury rates. Actions to promote safe practices, including educational outreach and safety monitoring efforts, are warranted and can readily achieve broad coverage given the small size (numbers of companies and workers) of the industry. This being said, different logging methods and settings will often require unique approaches to improve safety, and the diversity of both in Alaska may necessitate a variety of action plans. In addition to focusing on the major and longstanding hazards identified in our analyses (eg, falling or rolling objects, work involving heavy machinery and handheld cutting equipment), evolution in safety programs in needed to reflect changes in industry practices and associated occupational risks. For example, the Alaska logging industry will increasingly focus on harvest from second-growth forests in the years ahead. 31, 32 Differences between oldand second-growth forests in the height, girth, and density of standing trees, or the size and number of snags or rotting logs on the forest floor, could drive changes in logging methods that alter the types and magnitude of risks experienced by loggers.
Logging safety programs should be developed in collaboration with industry partners to closely track these changes and their consequences 
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